A simple drying method for biological materials for scanning electron microscopy was developed. Fixed specimens were immersed in t-butyl alcohol after dehydration through a graded series of ethanol. When the room temperature fell below the melting point of t-butyl alcohol (25.5C), liquidized alcohol obtained by warming was used. Specimens in the alcohol were then frozen in a refrigerator.
Summary.
A simple drying method for biological materials for scanning electron microscopy was developed. Fixed specimens were immersed in t-butyl alcohol after dehydration through a graded series of ethanol. When the room temperature fell below the melting point of t-butyl alcohol (25.5C), liquidized alcohol obtained by warming was used. Specimens in the alcohol were then frozen in a refrigerator.
They were placed in the bell jar of a vacuum evaporator and simply evacuated with a rotary pump. The samples were completely dried within 1 h after the frozen alcohol was sublimated in the vacuum. When examined by scanning electron microscopy (SEM), both surface and intracellular structures were demonstrated in three-dimension without any significant drying artifacts. Careful comparison of the results indicated that the SEM images obtained by this method were either superior or equal to those obtained by the critical point drying method.
Although the critical point drying (CPD) method is widely used for drying biological materials for scanning electron microscopy (SEM), there are inherent artifact problems with it (BOYDE and WOOD, 1969) and it reguires a special costly apparatus. Recently, RIs (1985) has reported that a complete change of the intermediate solvent and the use of completely dehydrated liquid carbon dioxide are necessary for attaining a desirable CPD. The freeze-drying (FD) method is another technique for drying biological specimens containing water. This method is superior to the CPD because of the less conspicuous shrinkage of the specimen (BOYDE and WOOD, 1969; BOYDE and FRANC, 1981) . There are two methods of FD: from water and from organic solvents. The latter is a preferable method for drying dehydrated materials without producing crystal growth at freezing. Thus far, many kinds of organic solvents have been tested (BOYDE and WOOD, 1969; BOYDE and MACONNACHIE, 1979; KATOH, 1978; KATOH, 1979; OsATAKE et al., 1980) . During the course of our examination of the organic solvents for FD, we found that t-butyl alcohol was useful and convenient for FD. In our method, samples previously substituted to t-butyl alcohol and frozen in a refrigerator are sublimated by evacuation using a rotary pump, and no special instrument is necessary. Specimens dried by the present method showed no significant artifacts due to freezing and drying; thus the fine structures of tissues and cells were excellently preserved under the SEM. This paper introduces this new method and discusses certain results.
MATERIALS AND METHODS
The pancreas, diaphragm, trachea and blood of the mouse were used as materials. The first two tissues were used for the examination of intracellular structures. The trachea and blood were used for checking the preservation of epithelial surfaces and free cells, respectively. After the animals were killed by cervical dislocation, the trachea and pancreas were immediately removed and trimmed into small blocks. They were fixed with 1% osmium tetroxide buffered with 0.1M phosphate buffer (pH 7.2) for 1h at room temperature and rinsed for a short time. The diaphragm was fixed by perfusion of a mixture of 0.5% glutaraldehyde and 0.5% formaldehyde buffered with the same buffer. It was cut into small pieces, rinsed in the buffer and postfixed with 1% osmium tetroxide. Blood was fixed with 1.5% glutaraldehyde in 1/15M phosphate buffer (pH 7.2) for 30min at room temperature, and then dropped on a glass slide. It was further rinsed and postfixed with 1% osmium tetroxide.
After fixation, the internal structures of the pancreas and the diaphragm were exposed by a DMSO freeze cracking method (TOKUNAGA et al., 1974) , and 54 T. INOUE and H. OSATAKE; the cytoplasmic matrix was removed in a 0.1% os mium tetroxide at 20C (the osmic maceration technique devised by TANAKA and MITSUSHIMA, 1984) . The cracking and maceration procedures were omitted for the trachea and the blood. All specimens were then conductive-stained using 2% tannic acid and 1% osmium tetroxide (MURAKAMI, 1976) .
After dehydration through a graded series of ethanol, the specimens were transferred to t-butyl alcohol (1-2 ml) for three changes. When the room temperature fell below the melting point of the alcohol (25.5C), liquidized t-butyl alcohol obtained by warming was used. The glass container containing the specimens in t-butyl alcohol was placed in a refrigerator (2-4C). The butyl alcohol was then frozen within a few minutes. The container was transferred into the bell jar of a vacuum evaporator (HUS-4GB, Hitachi Ltd., Japan), and was evacuated with a rotary pump alone. The frozen t-butyl alcohol of 1ml was completely sublimated during the evacuation for 35 min. After sublimation, the specimens were left for additional 20 min until warmed to room temperature, and were then taken out of the bell jar.
Some specimens were dried by a critical point dryer (HCP-2, Hitachi Ltd., Japan) using dry ice (TANAKA and IINo, 1974) , and the results were compared with those dried by the present method.
The dried samples were mounted on an aluminum stub, coated with platinum using a sputter coater with a rotating stage (VX-IOR, EIKO Engineering Co. Ltd., Japan), and observed by a field emission SEM (HFS-25T, Hitachi Ltd., Japan) at 25 kV. To measure the thermal change during the drying, a chromel-alumel thermocouple was used. The tip was immersed in 1 ml t-butyl alcohol, and the temperature was recorded during the freezing and drying processes.
RESULTS
The present method was found to be simple and effective for drying biological materials for SEM. The temperature changes during the freezing and the drying are shown in Figure 1 . The liquid t-butyl alcohol (Fig. 1, a-b) froze in a few minutes in a refrigerator (Fig. 1, b-c) , and the temperature decreased to 2C within 10 min (Fig. 1, c) . Although minute needle-like crystals discernable with the naked eye were formed in the frozen alcohol until the whole appeared white, these crystals did not disturb the ultrastructures of the specimen. The temperature of the frozen alcohol rapidly decreased to about -25C after evacuation, and then gradually increased to room temperature (Fig. 1, c-d-e) . The 1 ml of frozen alcohol was completely sublimated within 40min (Fig.   1, d ). For 2ml, it took about 60min.
In the mouse tracheal epithelial surface prepared by the present FD method, ciliated and non-ciliated cells were demonstrated in three-dimension under the SEM (Fig. 2) . Each cilium was clearly visible without any drying artifacts such as the fusion of neighboring cilia. When prepared by the FD method, red blood cells on a glass substratum were visible without being blown away as is the case when liquid carbon dioxide is introduced in CPD (Fig. 3) . In the cracked surface of the skeletal muscle cells of the diaphragm prepared by the FD method, mitochondria, sarcoplasmic reticulum and T-tubules were clearly visible (Fig. 4) . The network of the sarcoplasmic reticulum was seen three-dimensionally, and the relationship between T-tubules and the sarcoplasmic reticulum was displayed. Figure 5 shows the fractured surfaces of the pancreatic acinar cells prepared by the CPD (Fig. 5a,  b) and by the FD (Fig. 5c, d ), respectively. Although lamellar endoplasmic reticulum with numerous ribosomes was seen in both the CPD and the FD specimens, the endoplasmic reticulum prepared by the latter seemed to the better preserved of the two. For example, the lamellar arrangement of the endoplasmic reticulum appeared more naturally in the FD specimens than in the CPD ones (Fig. 5a, c) . Furthermore, ribosomes on the endoplasmic reticulum were more clearly demonstrated in the FD specimen (Fig. 5d ). In the biological specimens thus far prepared by the present FD method, no significant artifacts due to freezing and drying have been noted.
DISCUSSION
Nowadays CPD is used as a routine method for drying biological materials containing water. In our laboratory, we have used CPD using dry ice (TANAKA and IINo, 1974) for observing intracellular structures at high resolution. Although FD was reported to be superior to CPD with regard to its lessening the shrinkage of dried specimens (BOYDE and WooD, 1969; BoYDE and FRANC, 1981) , it has not become a routine method in specimen preparation. In fact, FD from water-i. e. from chemically fixed samples-takes much time, and crystal damage due to the freezing is unavoidable. BOYDE and WOOD (1969) dried their specimens at -80C for first 24 h, at -40C for another 48h, and then warmed them to 30C for a short period.
In contrast, FD from organic solvent has the advantage of being very rapid and showing few artifacts attributable to crystal growth. In this method, specimens are frozen and freeze-dried after the substitution of their water with organic solvents such as ethyl ether or acetonitrile. Two kinds of procedures have been applied for freezing the specimens transferred to organic solvents. One is a method to freeze the samples using liquid nitrogen (KAT0H, 1978; OSATAKE et al., 1980) ; the other is to freeze them by evacuation utillizing the high latent heat of the organic solvents (KATOH, 1979; BOYDE and MACONNACHIE, 1979) . KATOH (1979) reported that acetonitrile is easy to freeze after evacuation. In our experiment, however, it proved difficult to freeze without sufficient evacuation. BOYDE and MACONNACHIE (1979) used Freon 113 (Freon TF MS-180) , employing a large vacuum reservoir to assure an instantaneously high rate of evaporation of Freon for freezing.
The t-butyl alcohol used in this study can be frozen easily when subjected to vacuum pumping. However, when the speed of evacuation is high, the t-butyl alcohol freezes into slush or powder. This freezing procedure is accompanied with the conspicuous destruction of ultrastructures.
Since the freezing point of the alcohol is high enough (25. 5C) to be frozen in a refrigerator, it is preferable that the alcohol be frozen in it before evacuation, for preserving fragile ultrastructures.
The present t-butyl alcohol freeze-drying method results in the preservation of surface structures equivalent to the results by CPD. In intracellular structures, the lamellar arrangements of the endoplasmic reticulum dried by this method appeared better preserved than by CPD. As was pointed out in an earlier work by STOWELL (1941), t-butyl alcohol causes less shrinkage in the specimen dehydration than other dehydrating agents. Although we used a graded series of ethanol for dehydration, a more reliable morphology would be obtained by the use of t-buty alcohol at the dehydrating step.
The advantages of the present method are as follows. Firstly, this drying methed is very simple: neither a costly apparatus nor liquid carbon dioxide for CPD are needed. The t-butyl alcohol used in this study can be easily frozen in a refrigerator without using liquid nitrogen or vacuum pumping. Furthermore, a graded series of ethanol routinely used in a laboratory work can be employed for this method, so that it is not necessary to prepare a special graded series such as Freon-TF (KATOH, 1978) or acetonitrile (KATOH, 1979) . This drying method can also dry fragile materials or free cells safely without moving, because the specimens are frozen in their original positions and the alcohol is gradually sublimated in the vacuum. In contrast, in the conventional CPD method, materials tend to be blown away when liquid carbon dioxide runs through the specimen chamber. Yet another advantage is that a large number of specimens can be dried at one time in a bell jar. When many kinds of specimens or large sized-samples must be handled, this method is apparently superior to CPD. Finally the present method is quite safe, and does not use a high pressure reservoir of carbon dioxide. In addition, the method is safe from the contaminations due to rust or oil from the gas reservoir which occasionally occur in CPD procedures. In conclusion, the drying method reported here is much simpler, faster and safer than the CPD method. The SEM images obtained by this drying method are either superior or equivalent to those by CPD.
